Introduction
Xenobiotic substances have been regarded as hazardous compounds in soil due to their stability and toxicity. As a kind of xenobiotic substances, nitrophenols are widely used in a number of industrials, among which p-Nitrophenol (PNP) is a very important member of nitrophenol family. PNP is released into soil by industries of pesticides, dyes and pharmaceuticals manufactures, and accumulates in soil as a result of hydrolysis of organophosphate pesticides parathion, methyl parathion and herbicides dinoseb and dinitrocresol [1] [2] [3] . The accumulation of PNP in soil can be accelerated through spreading of wastewaters and sewage sludge containing PNP and the PNP can also leach into the groundwater resources from soil. Because of its high toxicity, PNP has been listed as the 129 priority toxic pollutants by U.S. Environmental Protection Agency [4] .
Traditional methods for remediation of organic-contaminated sites include physical [5] , chemical and biological methods [6] [7] , which are often difficult to execute, not environmentally friendly and time consuming. Recently, advanced oxidation processes (AOPs) are receiving great emphasis because of their ability to rapidly oxidize refractory organic contaminants [8] . Pulsed discharge plasma, * To whom any correspondence should be addressed. one of the AOPs, has received the most extensive investigations [9] . Our previous studies have demonstrated that organic compounds in soil could be removed effectively by pulsed discharge plasma [10] [11] . In this process, soli layer was placed onto the ground electrode and the discharge intensity was enhanced due to decrease of discharge gap. For successful plasma soil remediation, it is important to consider the discharge state that influences generation and activity of active chemical species, and it was found that the soil moisture played important role in determining the active species. On one hand, the existence of water molecular contributes to formation of hydroxyl radical (•OH); on the other hand, water molecular can absorb high-energy electrons to weaken the discharge intensity. The PNP contaminated soil, in which the water content is less than 20%, has been fast remediated by lowtemperature plasma (LTP) [12] [13] . However, no study is carried out on applying LPT method for treating PNP over-wet soil (water content of 100%), which has been existed due to PNP contaminated wastewaters spreading through surrounding soil. In order to save the drying process and realize fast remediate such contaminated soil, it is necessary to explore LTP method for direct degrading PNP in over-wet soil and it is believed that it may be powerful enough for pulsed discharge plasma to remove PTP in soil of water body. Therefore, remediation of PNP contaminated over-wet soil was conducted in this study. Effects of operational conditions on PNP degradation were performed and the possibility of pulsed discharge plasma for over-wet soil remediation was evaluated. It is expected to provide an environmentally friendly method of pulsed discharge plasma for the remediation of organic pollutants contaminated over-wet soil.
Materials and methods

Materials
PNP (purity > 95%) was purchased from the Chemical Plant of Tianjin, China. All other organic and inorganic reagents used were analytical grade (Tianjin Fuyu Refinery Chemical Co., Ltd. and Shenyang Chemical Reagent Factory, China) and were used as purchased without further purification.
The PNP contaminated over-wet soil was artificially prepared by adding appropriate amount of PNP acetone solution into a given amount of soil. The soil was vigorously homogenized for several hours, and then placed in the fume hood until acetone evaporated entirely, which was confirmed by weight loss. This method gave a uniform PNP distribution in the soil at about 300 mg/kg. The characteristics of the soil could be seen in our previous study [10] . Prior to pulsed discharge plasma treatment, the moisture content of soil was adjusted to 100% with deionized water to simulate over-wet soil.
Treatment of contaminated over-wet soil
The schematic diagram of the experimental apparatus and a sectional view of the reactor were illustrated in figure 1 and figure 2 , respectively. The reaction system consisted of a pulsed highvoltage power supply and a reactor vessel. High-voltage pulses were generated using the combination of a 0-50 kV adjustable DC power supply, a storage capacitor (Ce), an adjustable trim capacitance (Cp) and rotation spark gap switches (RSG1, RSG2). The pulse rise time and pulse width were less than 100 ns and 500 ns, respectively. The pulse frequency and adjustable trim capacitance Cp were 0-150 Hz adjustable and 200 pF, respectively. The high voltage electrode comprised of six stainless-steel needles and the distance of adjacent needle was 18 mm. The ground electrode was a stainless-steel plate. The distance between the high voltage electrode and the ground electrode was 10 mm. The peak pulse voltage and current were measured with a Tektronix TDS2014 digital oscilloscope equipped with a Tektronix P6015A high voltage probe and a Tektronix A6021 current probe, and then the electric power was calculated through the integral of pulse voltage and current under time.
In each experiment, PNP contaminated soil samples (approximately 2.0 g) were spread on the ground electrode, and then adjusted to 100% of water content. Air was used as carrier gas in this study, as shown in figure 1 . Concentration of PNP in the over-wet soil was measured after desirable treatment time. The extraction and analysis of PNP in over-wet soil were the same as previous study [13] . The energy yield (g kWh -1 ) is defined as the mass of removed PNP divided by consumed energy. 
Results and discussion
Effect of pulsed discharge voltage on the discharge characteristics
The increased discharge voltage can make the corona range extended and air gap entirely breakdown, and then electrical filed and the energy input into the reactor will increase. The effect of different pulsed discharge voltage on energy input without the test regents was illustrated in figure 3 .With the increase of pulsed discharge voltage from 17.6 to 21.6 kV, the energy input enhanced from 2.17 to 3.27 W under the condition of the pulsed frequency 70 Hz, the electrode 10 mm and gas atmosphere.
Effect of pulsed discharge voltage on the removal of PNP
Pulsed discharge can generate a large number of chemically active species, accompanied by some physical effects, which are directly related to the pulsed discharge voltage. Pulsed discharge voltage is an important parameter of this technology. The effect of pulsed discharge voltage on PNP degradation was illustrated in figure 4 . Herein, the pulsed frequency was 70 Hz, and air flow rate was 0.4 L min -1 . Obviously, the increase of pulsed discharge voltage benefited PNP degradation. With the increase of With the increase of discharge voltage, more chemically active species would be generated. In the present study, H 2 O 2 should be one of important oxidants because of high water content in soil, which can be generated accordingly to following equations [2] . Accordingly, the H 2 O 2 generation within 15 min of discharge treatment in different discharge voltages was examined and the result was shown in figure 5 . On the one hand, more H 2 O 2 was generated in higher discharge voltage. For example, only 0.11 mmol L -1 of H 2 O 2 was generated in clean over-wet soil at 17.6 kV, while it was enhanced to 0.21 mmol L -1 at 21.6 kV. On the other hand, the concentration of H 2 O 2 in clean over-wet soil was detected to be much higher than it in contaminated one, which suggested that H 2 O 2 involved in PNP removal and played a key role in this discharge system. 
Effect of pulse frequency on the removal of PNP
In pulsed discharge plasma processes, the energy injected into the reactor increases with the pulse frequency, which may benefit the removal of organic pollutants. The effect of pulse frequency on PNP removal was shown in figure 6 . Herein, the air flow rate was 0.4 L min -1 . The increase of pulse frequency enhanced PNP removal. When the pulse frequency was 50 Hz, about 55.2% of PNP was removed within 60 min of discharge treatment, which was enhanced to 84.6% in 90 Hz. The energy yields of PNP degradation within 60 min of discharge treatment in different discharge voltages and pulse frequency were presented in table 1 and table 2 , respectively. As could be seen, although increasing discharge voltage and pulse frequency was beneficial for PNP removal, its energy yield was deceased, e.g. the energy yield of discharge treatment in 90 Hz was lower than in 50 Hz. Considering the highest PNP degradation efficiency and comparative energy yield of 21.6 kV to 19.6 kV and 90 Hz to 70 Hz, the better optical experimental condition was conducted under 21.6 kV and 70 Hz. 
Conclusions
The application of pulsed discharge plasma in removing PNP in over-wet soil was studied. Pulsed discharge plasma presented great potential for PNP contaminated over-wet soil remediation. Under the studied conditions, increasing pulsed discharge voltage or pulse frequency resulted in higher PNP degradation efficiency, due to the enhancement of energy input, and thus more active species would be generated. O-reagents played very important roles for PNP removal, and H 2 O 2 also exhibited certain roles during the degradation process. This study is a fundamental research effort, trying to offer an alternative solution for organic pollutants contaminated over-wet soil remediation.
